Introduction
Large amounts of water are currently used in several cleaning and staining processes.
Modern industrial activities have left wide-spread hazardous pollution in soil and water across the globe [1] . One of the most troublesome groups of pollutants is persistent organic pollutants (POPs) like dyes, detergents or pesticides due to their water solubility and chemical stability [2] [3] [4] . The presence of these colored compounds in the environment causes considerable nonaesthetic pollution and serious health-risk issues [5] . Since conventional wastewater treatments cannot eliminate the majority of these pollutants, powerful methods for the decontamination of dye wastewaters have received increasing attention over the last decade. Ozonation and electrocoagulation are among these methods. However, they consist of multiple steps and are rather costly and time-consuming [6] .
Aqueous heterogeneous photocatalytic oxidation (HPO) is considered as one of the greener and cheaper approaches for the removal of POPs. HPO consists in the acceleration of a photoreaction in the presence of a catalyst in water [7] . In other words, it combines water as a green and abundant resource with solar light as an affordable, renewable and clean energy source. HPO involves the breakdown of pollutants into harmless substances while avoiding residues or additional sludge. For these reasons, HPO has received special attention for remediating global water pollution and it is moving fast from the laboratory scale to industrial applications [8, 9] . TiO 2 is one of the most studied, environmentally-friendly, photocatalytic materials due to its chemical stability, low toxicity, and light conversion efficiency [10] . Despite these advantages, TiO 2 presents the drawback of limited photocatalytic activity because of its wide 5 band gap (3.2 eV for anatase phase). Therefore, it requires excitation wavelength in the UV domain (λ < 390 nm), which limits its practical efficiency. One of the most common approaches to expand the TiO 2 response toward the visible light domain is through doping it with suitable anions (e.g. N, C, S) or cations and transition metal (TM) clusters or nanoparticles (NPs) [11, 12] .
The controlled doping of TiO 2 with TM species has been the object of several
investigations. An enhancement of the catalytic activity of TiO 2 in a number of manifold reactions has been ascribed to the effects induced by the TM at various levels. For example, MnNi doped TiO 2 catalysts showed increased NO reduction to N 2 and offered the possibility to widen the temperature window of the reaction [13] . Also, Nb-doped TiO 2 particles have been studied as electrocatalysts for the oxygen reduction reaction under acidic conditions [14] .
Among the TMNPs available to be dispersed on high-surface area TiO 2 for photocatalytic purposes, those made of Pt hold a privileged position [15] [16] [17] . In general, the resulting nanocomposite benefits from the catalytic activity of the TMNPs and the intrinsic photocatalytic activity of TiO 2 . If the TMNPs possess magnetic properties (e.g. Ni, Co, Fe), then recovery and recycling of the catalyst becomes feasible under the application of a magnetic field. This poses some advantages compared to cross-flow filtration or centrifugation processes [18] , since the recovery of a catalyst using magnetic fields is much cheaper and faster.
In this work, nickel, platinum and nickel/platinum-doped TiO 2 porous nanophotocatalysts have been successfully obtained through a easy two-step hydrothermal route. The morphology, crystallographic structure of the composite constituents, and eventual magnetic properties of the material have been investigated. Furthermore, the degradation kinetics of Rhodamine B (RhB) dye under ultraviolet-visible light irradiation has been assessed. Our results indicate that the 6 doped samples exhibit higher photocatalytic activity than pure TiO 2 . RhB is one of the most common xanthene dyes used as a colorant in the textile industry. It is highly water soluble and presents a good stability as dye laser material. Nowadays, its use has been forbidden due to the potentially toxic and carcinogenic properties of RhB. Thus, the photodegradation of this organic compound is important with regard to the purification of dye effluents. Furthermore, the Nicontaining catalysts can be easily recovered from the media using weak magnetic fields, making them a smart approach for sustainable water remediation.
Materials and methods

Sample preparation
All chemicals were commercially available and used without further purification. Highly porous TiO 2 (denoted as 'HPT') sample was prepared by sol-gel hydrothermal method. First, 7 mL of titanium butoxide (VI) dissolved in 40 mL of 1-butanol was added dropwise to 60 mL of distilled water at pH = 2 (adjusted with nitric acid). After continuous stirring of the reaction mixture for 20 h, the resultant suspension was subjected to a hydrothermal treatment in a plastic flask at 80 ºC for 2 h. Afterwards, 2.5 g of Pluronic P123 triblock copolymer was dissolved in 40 mL of distilled water and the solution was added dropwise to the titanium (VI) butoxide solution, which had been previously cooled down to 45 ºC. Then the mixture was stirred at this temperature for 2 h followed by a second hydrothermal treatment in a 7 plastic flask at 80 ºC for 20 h. The resultant powder was recovered by evaporation at 60 ºC.
Finally, the titania product was obtained by calcination in a furnace at 450 ºC for 4 h in air, by which the P123 was also removed.
Nickel, platinum and nickel/platinum-doped TiO 2 (denoted as 'Ni/HPT', 'Pt/HPT' and 'Ni/Pt/HPT', respectively) were prepared following a similar procedure to that of pure TiO 2 . A P123-titanium (VI) butoxide mixture was obtained as described above prior to the doping step.
To dope TiO 2 with Ni, Pt and bimetallic Ni/Pt NPs, a solution containing the metal salts (nickel (II) nitrate hexahydrate, chloroplatinic acid hexahydrate or chloroplatinic acid hexahydrate + nickel (II) nitrate hexahydrate) in 10 mL of distilled water was added dropwise to the P123-titanium (VI) butoxide mixture at 80 ºC. Unless otherwise stated, the loading amounts were 1 wt% for both Ni/HPT and Pt/HPT samples and 0.5 wt%/0.5 wt% for the Ni/Pt/HPT sample. The mixture was subjected to 30 min sonication in order to achieve good dispersion of the precursors.
The resultant powder was recovered by evaporation at 60 ºC. This was followed by a thermal treatment in a furnace at 450 ºC under H 2 atmosphere for 4 h in order to obtain the doped nanocomposites.
Characterization
High resolution transmission electron microscopy (HRTEM) was performed on a Jeol-JEM 2011 system operated at 200 kV and equipped with energy dispersive X-ray (EDX) detector. Scanning electron microscopy (SEM) observations were done using a Merlin Zeiss microscope operated at 2 kV. Samples for HRTEM were prepared by dispersing a small amount of powder in ethanol (96%) followed by sonication. A holey carbon grid was then soaked into the suspension and allowed to dry in air. The size distribution of Ni and Pt NPs was determined 8 via manual analysis of enlarged micrographs. Around 100 particles were counted in order to obtain statically meaningful size distributions and the mean diameter. Wide-angle X-ray diffraction (XRD) patterns were collected on a Philips X'Pert diffractometer in the 20º -80° 2θ range (step size = 0.03°, step time = 10 s) using CuKα radiation. The structural parameters (phase percentage, crystallite size and cell parameters) were determined using the "Materials Analysis Using Diffraction" (MAUD) Rietveld refinement software [19, 20] . N 2 sorption isotherms were measured on a Sorptomatic 1990 and the data were analyzed according to Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods [21] .
Around 800 mg of powder were charged in a quartz tube and then degassed under high vacuum 
Evaluation of photocatalytic activity
The photocatalytic activity of the powder samples was evaluated by decolorization of a irradiation. The optical diffuse reflectance spectra were measured at room temperature using the same UV-Vis instrument equipped with an integrating sphere attachment and using NaF as reference. In order to investigate the reusability of the photocatalysts, five consecutive cycles were conducted. After each cycle, the photocatalytic material was centrifuged, collected and dispersed in a fresh RhB aqueous solution.
Results and discussion
Morphological and structural characterization
In scheme 1 is presented the synthesis route toward HPT, Ni/HPT, Pt/HPT and Ni/Pt/HPT samples. The total dopant metal amount was kept at 1 wt% in the synthesis. The actual Pt and Ni amounts determined by ICP-OES are shown in Supplementary Data (Table S1 ).
The results indicate that there is no significant difference between the nominal and the actual dopant metal percentage in the nanocomposites.
The crystallographic structure of the different samples was studied by XRD ( Figure 1 ). SEM imaging was used to study the surface morphology as well as the porosity of the different nanocomposites. Figure 4 shows SEM secondary electron images taken at different magnifications of the HPT sample, for which a large porosity is evident, in concordance with BET analyses. Porosity was preserved in the doped HPT samples (e.g. Ni/HPT in Figure S2 ).
Magnetic and optical properties
The magnetic properties of the Ni-containing catalysts (i.e., Ni/HPT and Ni/Pt/HPT) were investigated using a vibrating sample magnetometer at room temperature ( Figure 5 ). The Ni/HPT sample exhibits a saturation magnetization (M S ) of 0.4 emu g -1 and a coercivity of around 80 Oe.
Interestingly, although the M S of the Ni/HPT powder is not high, it is large enough for the powder to become attracted by a circular NdFeB magnet (2500 Oe) of about 1 cm in diameter magnet when it is brought near the sample (inset of Figure 5 ). Almost all photocatalyst (99 wt.%) it is recovered after each cycle using this magnetic separation procedure, as verified from values of sample weight before and after the degradation process. On the other hand, the Ni/Pt//HPT sample does not show a ferromagnetic behavior (i.e., no clear hysteresis loop).
UV-Vis diffuse reflectance spectra (DRS) were carried out prior to the assessment of the photo-degradability performance of each catalyst. It is known that the optical properties of a photocatalyst and its catalytic performance are closely related [32] . HPT sample presents strong absorption only at wavelengths below 400 nm. Therefore, it shows photoabsorption only in the UV domain ( Figure 6 ). On the other hand, the spectra of doped samples (Ni/HPT, Pt/HPT and Ni/Pt/HPT) show a similar response in the UV domain and also absorption within the visible domain. In other words, the absorption spectrum expands into the visible range. This result can be attributed to the excitation of 3d (for Ni) and/or 5d (for Pt) electrons from the transition metal valence band (VB) to the TiO 2 conduction band (CB). [33] The band gap (BG) energies (Table 2) were determined using the equation:
where E g is the energy of the band gap in eV, h is the Planck's constant (6.626 x 10 -34 Js), c 0 is the speed of light in vacuum (3 x 10 8 m/s) and λ g is the value obtained measuring the intersection of the tangent of the absorption edge with the x-axis [34] . The absorption edge of HPT was noted at 408 nm, corresponding to a BG energy value of 3.03 eV. Conversely, Pt/HPT and Ni/HPT and Ni/Pt/HPT nanocomposites all possess smaller BG values (2.69-2.15 eV, Table 2 ).
Photocatalytic Activity
The photocatalytic performances of the catalysts were investigated by following the decomposition of Rhodamine B (RhB) in an aqueous solution under irradiation with a mercury lamp (320-500 nm). No significant degradation of RhB was observed in the absence of any photocatalyst, which was taken as a reference (blank).
As shown in Figure 7a , the concentration of RhB decreases linearly with time in the presence of the HPT sample, reaching a removal ratio of 39% after exposure for 180 min. The removal ratio of Pt/HPT, Ni/HPT and Ni/Pt/HPT were 63, 57 and 54 %, respectively. The results
show that there is an enhancement in the photodegradability of RhB when Ni or Pt NPs (or combinations of both) are loaded into TiO 2 . Previous works in the literature indicate that the photocatalytic oxidation of different dyes using TiO 2 as a catalyst follow the LangmuirHinshelwood kinetics model [35] [36] [37] . For very diluted catalyst suspensions (millimolar), though, the reaction can be described as a pseudo-first-order equation. This applies to our case ( Figure   7b ), for which the ln (C/C 0 ) versus time follows a linear relationship. The slope corresponds to the apparent first-order rate constant (k, min -1 ). The rate constants values (Table 2) show that Niand Pt-doped nanocomposites outperform HPT sample. Pt/HPT, with a BG energy value of 2.15 eV, presents the highest rate constant, 0.0053 min -1 . This is not surprising bearing in mind that Pt is the top-ranked catalyst metal. Meanwhile, Ni/HPT sample shows a slightly lower k value (0.0046 min -1 ). Curiously, the corresponding k value for the bi-doped sample is lower than those of the single-doped TiO 2 catalysts. In spite of it, it is envisaged that having two different types of NPs physically separated but in the same support can be advantageous in certain cases. For example, two different reactions could be simultaneously catalyzed by taking advantage of the joint presence of Pt and Ni in the matrix. The rate constant of Pt/HPT sample is higher than that observed in the degradation of RhB using core(metal)-shell(TiO 2 ) nanocomposites (e.g. Pt, k = 0.0013 min -1 ) synthesized via a hydrothermal treatment with noble metal colloid particles [38] .
Our results are also in good agreement with those previously reported by Chen et al. [39] , who also observed an increase in the rate constant towards the degradation of o-cresol upon doping TiO 2 with Pt.
In order to further explore the influence of the dopant metal concentration on the photodegradation of RhB, two additional samples were prepared: Ni(3 wt%)/HPT and Pt(3 wt%)/HPT. The Ni and Pt particle size distributions are shown in Figure S1 . Notice that the average particle size is in both cases reduced as compared to the 1 wt% concentration.
Additionally, the corresponding XRD patterns are also shown in Figure S3 . The RhB removal ratio of Ni(3 wt%)/HPT and Pt(3 wt%)/HPT were 39 and 38%, respectively, almost the same removal ratio of non-doped HPT sample ( Figure S4 ). Accordingly, there is a decrease of the photocatalytic efficiency when the concentration of dopant is exceedingly large. This can be explained by taking two scenarios into account: (1) the TMNNPs excess at the surface of TiO 2 decrease the charge carrier space distance (CCSD) via efficiently trapping photoelectrons and therefore increase recombination [40] ; (2) a fraction of the active sites become 'covered' or 'shaded' so that the available space on the semiconductor for pollutant adsorption and light absorption is decreased, thereby reducing photodegradation efficiency [41] . Our results are in agreement with those of Dhabbe et al. [42] and Arabatzis et al. [43] . The former observed an enhancement of the photocatalytic performance upon increasing the content of Ag in N-doped activity. Therefore, the tested dopant concentration (1 wt%) can be regarded as optimal.
Considering the simplicity of the fabrication process and the attributes of these nanophotocatalysts, we expect that these materials could find uses in sustainable water remediation processes in the near future. 
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